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1
PROGRESSIVE UV CURE

FIELD OF THE INVENTION

This invention relates to methods for forming thin films.
More specifically, the invention relates to forming an ultra-
low k (ULK) film with desirable mechanical properties.

BACKGROUND

Many layers of dielectric films are used to make an inte-
grated circuit. IC manufacturing requires dielectric films to
have certain properties in order for the circuit to function as
designed. For example, there is a general need for materials
with low dielectric constants (low-k). Using low-k materials
as the intermetal dielectric (i.e., the layer of insulator sepa-
rating consecutive levels of the conductive metal intercon-
nects) reduces the delay in signal propagation due to capaci-
tive effects, otherwise know as the RC delay. A dielectric
material of low dielectric constant will have low capacitance,
and hence the RC delay of an IC constructed with such a
material will be lower as well.

In addition to low dielectric constants, certain material
properties may be specified. The semiconductor manufactur-
ing processes, with all the temperature changes, mechanical
polishing, cutting, and packaging, impose a lot of stress onto
the semiconductor. To avoid premature device failure, the
film should not be damaged by subsequent manufacturing
process. Some devices may specify a certain hardness, for
example.

As another example, there is a general need for materials
with specific tensile or compressive stresses. A layer oftensile
material may be used between compressive material to reduce
or avoid wafer warping. These and other properties may be
met on the film as deposited, or after treatment.

One such treatment may be a thermal process in which the
substrate is heated to a temperature for a time. A thermal
treatment may remove unwanted particles from the film, or
change its stresses or other properties. These thermal pro-
cesses, however, have certain difficulties. In particular, sub-
strate temperatures generally need to be high (i.e., greater
than about 400 or 500 degrees Celsius or much higher) with
exposure times typically on the order of many hours. The long
exposure time may be unsuitable for mass manufacturing.
These conditions may also damage copper containing
devices, especially in when a low-k dielectric is being cured.
Also, the use of temperature sensitive materials may limit the
temperature and or duration of exposure, e.g., nickel silicide
precludes inducing film stress by using temperatures above
400° C. and some SiN films allow a cure temperature up to
480° C.

To overcome these disadvantages of thermal processing,
another technique has been developed, which involves expos-
ing the film to UV radiation. Irradiation of the low-k permits
modulation of desired film properties such as dielectric con-
stant or film stress at lower temperatures. The film properties
obtained are strongly affected by the UV curing process and
conditions.

What are needed therefore are improved methods and
devices for treating dielectric films with UV radiation to
obtain desired film properties.

SUMMARY

The present invention addresses this need by providing
improved methods to treat dielectric films with UV radiation.
Particularly, the present invention addresses UV curing of

w

10

25

30

35

40

45

2

ultra low-k (ULK) films on a substrate. Better mechanical
property with same or a lower dielectric constant (compared
to a standard cure) is achieved by curing at progressively
shorter wavelengths and cure conditions designed to favor
particular reaction mechanisms. A first exposure at wave-
lengths longer than about 220 nm or about 240 nm removes
porogen while minimizing silicon-carbon bond formation
and methyl group removal. It also enables us to achieve a
lower dielectric constant after the first stage of cure. A second
exposure at shorter wavelengths increases the mechanical
properties to the desired level, with the dielectric constant
also increasing at the same time.

Ultra low-k film is currently achieved by introducing pores
into the dielectric film. A film of structure former is deposited
with porogens, typically hydrocarbon molecules that are sub-
sequently removed. The structure former, left with pores,
becomes what is known as the backbone. More pores and
more certain hydrocarbon content in the backbone mean
lower dielectric constant in the film. Thus, a lower k value is
achieved by depositing and removing more porogen while
keeping more methyl groups in the backbone. However, a
more porous film may be also weaker and is more likely
damaged in subsequent semiconductor processing. In addi-
tion to a low-k value, a film may also need to meet a minimum
amount of hardness or other mechanical properties. It is
believed that the lower dielectric constant and desirable
mechanical properties are related and constrain each other.
For example, for a given film, increasing hardness would
cause some corresponding increase in dielectric constant, and
a decrease in dielectric constant would cause some decrease
in hardness.

The present invention pertains to methods of UV curing
that maximizes desirable mechanical properties for a given
dielectric constant. In one aspect, the present invention per-
tains to methods of exposing a film sequentially to a first and
a second UV radiation. The first UV radiation has only wave-
lengths that are longer than about 220 nm or about 240 nm,
preferably including wavelengths that are very close to 240
nm. The first UV radiation may consist entirely of radiation in
the UVC region of about 220-280 nm. The first UV exposure
occurs until a dielectric constant of the film starts to increase.
The second UV radiation has only wavelengths of 185 nm or
longer, preferably including wavelengths very close to 185
nm. The second UV exposure occurs until a desired film
material property is reached. A shorter cure time is achieved
exposing the film to UV radiation as close as to the cut-off
wavelength without crossing the boundary. The desired film
property may be hardness, elastic modulus, or fracture resis-
tance.

During the first UV exposure, porogen outgassing and
silicon-oxygen cross-linking is promoted. The porogen out-
gassing process is believed to reduce the dielectric constant of
the film by making the film more porous. The silicon-oxygen
cross-linking process is believed to repair the ULK film with
removed porogen. During the first exposure, the substrate
temperature may be equal or higher than the substrate tem-
perature during the second exposure. The substrate tempera-
ture during the first exposure may be 380° C., 400° C., or
above 425° C. The first and second UV exposure may occur in
the same chamber. For multi-station chambers, the first and
second UV exposure may occur in a same wafer exposure or
different wafer exposure areas.

According to various embodiments of the present inven-
tion, the final film hardness for the same film dielectric con-
stant may be up to 24% higher than a film exposed to a UV
radiation of a broad spectrum achieving the same final film
dielectric constant. Comparing films achieving the same
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hardness, the final film dielectric constant may be up to about
3% lower for a film treated with methods of various embodi-
ments of the present invention than a film exposed to a UV
radiation of a broad spectrum.

In another aspect, the present invention pertains to a
method of UV curing a ULK film by exposing the film to a
first and a second UV radiation. The first UV radiation expo-
sure is configured to outgas porogens from the film and link
silicon-oxygen bonds while minimizing formation of silicon-
carbon bonds. The second UV radiation exposure is config-
ured to link silicon-carbon bonds. During the first exposure,
the substrate temperature may be equal or higher than the
substrate temperature during the second exposure. The sub-
strate temperature during the first exposure may be 380° C.,
400° C., or above 425° C.

In yet another aspect, the present invention pertains to a
method determining UV curing parameters for an ULK film.
ULK film is deposited on a number of substrates. Each sub-
strate is exposed to a first UV radiation having only wave-
lengths longer than about 240 nm, preferably including wave-
lengths between 240-260 nm, for different durations from 1 to
20 minutes. Depending on the number of substrates used, the
first exposure duration may vary by two minutes or three
minutes, for example, for each substrate. For example, five
different substrates may be used to UV cure at 2 minute, 5
minutes, 8 minutes, 11 minutes, 14 minutes, and 18 minutes.
The dielectric constant and one or more material property for
each substrate are measured. The first duration corresponding
to the lowest dielectric constant and optionally the maximum
or minimum material property, e.g., maximum hardness, is
selected. These operations may be repeated with different
exposure durations so as to narrow down to the best param-
eters. To determine the second exposure duration, a plurality
of substrates that were previously exposed to the first UV
radiation for a first duration are exposed to a second UV
radiation for different durations from 1 to 20 minutes. The
second duration includes only wavelengths of 185 nm or
longer and preferably includes wavelengths close to 185 nm.
The dielectric constant and one or more material property are
measured for each substrate. Depending on the desired final
film property, a second duration is determined based on the
duration at which a target k value or a desired film property,
e.g., hardness, is reached. In one example, if a specific hard-
ness is desired, the second duration is selected based on the
exposure duration of the substrate achieving a measured hard-
ness closest to the desired value.

In yet another aspect, the method of the present invention
pertains to a ULK UV cure process optimized for shortest
cure time by first exposing the film to a first radiation having
only wavelengths longer than about 220 nm or 240 nm, pref-
erably including wavelengths close to 240 nm and then
exposing the film to a second UV radiation comprising wave-
lengths ofless than 185 nm until a desirable material property,
e.g., a minimum hardness, is reached. The first exposure
occurs until the dielectric constant of the film starts to
increase. Note that with this method, the final dielectric con-
stant of the film may not be the minimum dielectric constant.

These and other features and advantages of the invention
will be described in more detail below with reference to the
associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart summarizing stages of a general
process in accordance with the present invention.
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FIG. 2 is a graph showing the relationship between hard-
ness and dielectric constant of a ULK film exposed with
different UV bulbs.

FIGS. 3 A and B are schematic representations of an appa-
ratus suitable for UV porogen removal in accordance with
certain embodiments of the present invention.

FIG. 4 is a graph of hardness versus dielectric constant of
ULK films cured under different conditions in accordance
with various embodiments of the present invention.

FIG. 5 is a graph of hardness versus dielectric constant of
ULK films cured under different conditions in accordance
with various embodiments of the present invention.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

Introduction

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of the
present invention. The present invention may be practiced
without some or all of these specific details. In other
instances, well known process operations have not been
described in detail to not unnecessarily obscure the present
invention. While the invention will be described in conjunc-
tion with the specific embodiments, it will be understood that
it is not intended to limit the invention to the embodiments.

Reference will be made in detail to implementations of the
present invention as illustrated in the accompanying draw-
ings. The same reference indicators will be used throughout
the drawings and the following detailed description to refer to
the same or like parts. In this application, the terms “work
piece,” “wafer” and “substrate” will be used interchangeably.
The following detailed description assumes the invention is
implemented on a wafer. However, the invention is not so
limited. The work piece may be of various shapes, sizes, and
materials (e.g., displays of various sizes).

The present invention involves a single-station or multi-
station semiconductor processing chamber. Each station has a
wafer support and a radiation source. The radiation source has
one or more light generators and one or more optical compo-
nents. The radiation intensity and the wavelength output of
the radiation source may be independently controlled at each
station. The wafer support temperature and gas flow may also
be independently controlled at each station. In certain
embodiments, the present invention pertains to a semicon-
ductor processing tool having at least one substrate process-
ing station in a chamber and capable of independently control
radiation intensity, radiation wavelengths, and substrate tem-
perature at each station. In other embodiments, these inde-
pendently controlled radiation conditions may be applied by
different light generators that can sequentially or concur-
rently cure wafers.

The present invention also involves processes to prepare
and/or cure dielectric films on substrates by exposure to UV
radiation. Effects of exposure to UV radiation or UV curing
may include increased stress of the materials, increased cross-
linking of the bonds of the material and densification of the
material. UV radiation is used to remove porogen from a
precursor layer containing a porogen and structure former or
backbone, thereby forming a porous dielectric film with a low
dielectric constant. It is often desirable to modulate one or
more of these effects in preference to one another—for
example, in preparing porous low-k films from precursor
layers, it may be desirable to remove porogen from a precur-
sor layer and strengthen the backbone without causing the
film thickness to shrink, and thereby causing a concomitant



US 9,050,623 B1

5

increase in stress. Further, in the case of porous low-k films,
it may be desirable to remove the porogen from the film
before certain types of cross-linking. However, these reaction
mechanisms often occur at the same time when a film is
exposed to a UV radiation.

Conventional UV curing processes use a single processing
condition, e.g. 100% UV intensity and a broad spectrum and
temperature of 400° C., that may be suitable for one or some
of'the effects listed above but may also undesirably affect one
of the other effects listed above.

UV curing is used to drive out porogen from composite
porogen-CDO films, leaving a porous CDO matrix with a low
k-value, generally between 2.0 and 2.6. In particular embodi-
ments, the methods of the present invention are used to pre-
pare dielectric films from precursor films or layers that con-
tain a structure former and a porogen. The structure former
serves as a backbone of a porous network, and the porogen
generates the porous regions within the porous network. The
methods involve a multiple operation UV cure process in
which different reaction mechanisms are either promoted or
suppressed.

FIG.1 is a flow chart depicting generic operations in accor-
dance with the present invention. Initially, a substrate is pro-
vided to a semiconductor processing tool (101). This sub-
strate may or may not have a film deposited on it that will be
the subject of the UV treatment. If the substrate does not
include the film to be treated, an optional step would be to
deposit such film onto the substrate (103). This deposition
may be performed in a separate chamber or in a first station of
a multi-station chamber. Based on the type of film to be
treated and processing to be achieved, the film is then exposed
to a first UV radiation under a first set of exposure conditions
(105). The UV radiation may have a specific radiation inten-
sity, spectral distribution, and radiation wavelength(s) (either
a single wavelength may be used or a spectrum or a range of
wavelengths). These conditions may be substrate temperature
or gas flow. These conditions may be controlled indepen-
dently from each other from operation to operation. In a
second operation, the film is exposed to a second UV radia-
tion at a second set of conditions (107). Typically at least one
of'these conditions will be different from operation to opera-
tion, and additional operations may be used to vary one or
more of these conditions (109). An operation may include
transferring the substrate between stations, so that the same
operation is performed at more than one station, but under the
same conditions. In some instances, more than one operation
may be performed at one station. The more than one operation
may be performed serially, such as pulsed UV exposure in
two intensities. The more than one operation may also be
performed concurrently, such as UV exposure from two light
sources having different intensities and spectral distributions.
In some cases, one operation may start before another ends
such that only a portion of the operations overlaps each other.

Certain embodiments of the present invention involve
depositing onto a substrate the film to be irradiated. Different
types of film may be deposited, depending on process require-
ments. One such film is the ultra low-k dielectric film. A
precursor film or layer that contains a “structure former”,
typically a dielectric material, is deposited with a porogen,
which generates the porous regions within the dielectric
material. In a method of this invention, the porogen is
removed from the precursor film to create a porous low-k
dielectric layer. Within the precursor film, the porogen resides
in locations that will subsequently become void locations in
the final dielectric film. Discussion of method of forming the
precursor film may be found in U.S. patent application Ser.
No. 11/369,311, filed on Mar. 6, 2006, titled “Method For
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Reducing Stress In Porous Dielectric Films,” the disclosure of
which is herein incorporated by reference in its entirety for all
purposes.

Reaction Mechanisms

A number of reaction mechanisms occur during UV radia-
tion of ULK films. By studying changes in film chemistry
after UV curing with different UV spectrum bulbs and filters,
anumber of reaction mechanisms are found as shown in Table
1. Fourier Transform Infrared Spectroscopy (FTIR) was used
to determine film chemistry before and after UV radiation.
Various reaction mechanisms were correlated to the different
UV spectrums.

Generally, aminimum amount of photon energy is required
for a reaction to occur substantially. For example, a photo-
chemical reaction requiring high energy photons is much less
likely to occur if only low energy photons are used. However,
if only high energy photon radiation is used, all reactions may
occur at once and in some cases occur in undesirable order or
occur in undesirable rates. Thus, investigation of the different
reaction mechanisms and how they are affected by different
UV spectrums allow fine-tuned process control over these
reactions. As used herein, a UV spectrum promotes a reaction
if an exposure of UV radiation in the spectrum increases the
reaction rate relative to other possible reactions.

TABLE 1

Reaction mechanisms for UV cure of ULK films

Porogen breakdown and out-diffusion
Si—OH + HO—Si — Si—0—Si + H,0
Si—OH + H—Si — Si—0—Si + H,
Si—CH; + HO—Si — Si—0—Si + CH,
Si—CH, + H—Si — Si—CH,—Si + H,
Si—CHj; + H;C—Si — Si—C—C—Si + 3H,
Si—CHj; + H;C—Si — Si—CH,—Si + CH,
Si—CH; + H, — Si—H + CH,

M
@
©)
)
®)
(6)
Q!
®

The first reaction is porogen breakdown and out-diftfusion.
Porogen is usually a hydrocarbon, e.g., an aldehyde, alkene,
ester, di-ter-butyl silane, terpene and derivatives. In the first
reaction, porogen is reacted to form one or more byproducts
that are removed easily. UV radiation alone or UV radiation
with oxidizing gas is used to breakdown the porogen into
volatile or easily diffused-out products. Medium to lower
energy UV photons are used for this reaction. UV radiation
having wavelengths of shorter than about 270 nm, 250-270
nm, or longer than about 240 nm are believed to promote this
reaction. Note that at shorter UV radiation wavelengths
(higher energy), this reaction also occurs, but competing reac-
tions in the film may reduce the ability for the porogen to
diffuse out of the film. Thus radiation at shorter wavelengths
does not promote the reaction above others. As the porogen is
removed and the porosity increases in the film, the dielectric
constant of the film goes down. The remaining structure
former may be damaged and weak. Usually some treatment is
required before the film can withstand subsequent semicon-
ductor processing.

Therate of diffusion may also be promoted by changing the
substrate temperature. Generally, the rate of diffusion is
higher with higher substrate temperature. However, too high
a temperature may cause undesirable reactions or reduce the
remaining thermal budget. Substrate temperatures of up to
about 400° C. may be maintained without draining the ther-
mal budget while promoting diffusion.

Reactions 2 to 4 involve oxygen-based cross linking. In
each case a silicon-oxygen-silicon (Si—O—Si) bond is
formed, with different by-products. These reactions involve
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silanols as reactants. As the silanol in the film becomes
depleted, these reactions also slow down. The oxygen-based
cross linking reactions also requires medium energy photons.
UV radiation having wavelengths of shorter than about 240
nm, 225-240 nm, or longer than about 225 nm are found to
promote this reaction. It is believed these reactions repair the
film after the porogen is removed and further decreases the
dielectric constant by removing silanols. These reactions may
also densify the film, increase hardness and elastic modulus.

Reactions 5 and 6 involve carbon cross-linking. Particu-
larly, these reactions involve breaking the carbon-hydrogen
bond. These carbon-based cross linking reactions also
requires medium energy photons. UV radiation having wave-
lengths of shorter than about 240 nm, 225-240 nm, or longer
than about 225 nm are found to promote this reaction. It is
believed these reactions strengthen and harden the film, but
also at the same time increase the dielectric constant of the
film. Note that reactions 5 and 6 compete with reactions 2 to
4. These reactions are promoted in the same UV spectrum so
the effect on the dielectric constant may be offset initially or
even slightly decrease. As the radiation continues the amount
of remaining silanol declines and reactions 5 and 6 will domi-
nate, which tends to increase the dielectric constant.

Reaction 7 is another carbon cross-linking reaction. This
reaction requires breaking the silicon-methyl (Si—CHj;)
bond and occurs predominately with high energy photons at
wavelengths shorter than about 200 nm. UV radiation having
wavelengths of shorter than about 220 nm, 180-225 nm, or
shorter than about 200 nm are found to promote this reaction.
It is believed this reaction also strengthens and hardens the
film, but also at the same time increases the dielectric constant
of the film.

Reaction 8 is also areaction that causes carbon loss without
concomitant improvement in mechanical properties, since it
does not lead to cross-linking. This reaction also requires
breaking the silicon-methyl (Si—CH,;) bond and occurs pre-
dominately with high energy photons at wavelengths shorter
than about 200 nm. This reaction removes a methyl group and
leaves a silicon-hydrogen bond behind. A reduction in the
number of silicon-methyl bonds increases the dielectric con-
stant. If the increase in dielectric constant is associated with
concomitant desirable increases in hardness required to inte-
grate the film, e.g., reaction 7, then the increase is tolerated.
However, it is believed that this reaction increases tensile
stress and the dielectric constant of the film without increas-
ing the hardness or other desirable properties. Therefore, this
reaction should be avoided. Further, consumption of methyl
groups or a reduction of backbone content can lead to inte-
gration issues because the film hydrophobicity is reduced. A
reduction in hydrophobicity can increase the likelihood of
etch damage and a loss of critical dimension during wet
treatment.

FIG. 2 is a hardness (H) versus dielectric constant (K)
graph for a typical film during UV exposure under a constant
radiation source and constant chamber conditions, e.g., pres-
sure and substrate temperature. Hardness versus dielectric
constant data were plotted for three different UV radiation
bulbs: X,Y, and Z. Each bulb generates radiation of a different
UV spectrum. FIG. 2 shows that while the initial portion of
the curve (area 201) differs on the various bulbs, all of them
eventually follow the same curve (area 203). FIG. 2 suggests
that, for a given set of chamber conditions, the same hardness
for a target dielectric constant value is obtained regardless of
the type of UV bulb used. Note that the amount of exposure
time to reach the same hardness or dielectric constant may
differ greatly depending on the reaction rates. Generally,
bulbs with higher intensity at shorter wavelengths are faster to
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achieve the target hardness. However, in some cases the target
hardness is achieved with a price in backbone content because
of reaction 8. When reaction 8 is promoted, more methyl
group is consumed to achieve the same target hardness. The
reduction in backbone content increases the likelihood of etch
damage and loss of critical dimension during wet treatment.

According to various embodiments of the present inven-
tion, the curves of area 201 and 203 are separately manipu-
lated to yield desired dielectric constants while maximizing
desirable mechanical properties to cure the film in least
amount of time. By varying certain chamber conditions and
UV radiation conditions, the final film properties and total
process time may be fine-tuned for the device to be manufac-
tured. One skilled in the art would be able to designa UV cure
process to satisfy various design requirements while maxi-
mizing desirable properties and/or minimizing process time,
depending on priorities.

During the initial curve (area 201), the differences in hard-
ness versus dielectric constant behavior are believed to stem
from the different reaction rates of the various reaction
mechanisms described above. The initial drop in dielectric
constant is attributed to porogen removal, most of which
happens early during the cure. As rates of porogen removal
decreases the silanol reduction resulting in oxygen-based
cross-linking increases with a concomitant increase in the
some carbon-based cross-linking reactions. The relative rates
of these reactions determine the shape of the curve. For
example, if a bulb emits radiation that enables both reactions
to occur faster, then the dielectric constant begins to increase
sooner than if a bulb that favors the oxygen-based cross-
linking reactions were used.

According to various embodiments of the present inven-
tion, a more desirable initial curve is obtained by a first UV
exposure of radiation that does not have the shorter wave-
lengths, e.g., shorter than about 240 nm. When the initial
curve is thus obtained, porogen removal and oxygen-based
cross-linking is promoted while shrinkage and methyl loss is
minimized. The preferential porogen removal decreases the
dielectric constant. The minimized shrinkage prevents the
film from collapsing, the effect of which would hinder other
reactions. The increased oxygen-based cross-linking (Si—
O—Si bonds) is achieved through silanol reduction and
increases hardness, as discussed. The methyl loss is mini-
mized because the undesirable reaction 8 that requires a high
energy photon is not promoted.

The hardness and dielectric constant at the end of the first
radiation exposure is also dependent on substrate tempera-
ture. By curing at a higher substrate temperature, e.g., at about
450° C., lower dielectric constant and higher hardness may be
achieved at the end of the first UV exposure than if a lower
substrate temperature is used. Of course, the higher substrate
temperature may be constrained by the substrate thermal
budget. It is believed that the higher substrate temperature
allows the porogen to completely diffuse out of the film and at
a higher rate. The UV intensity also affects the film proper-
ties. A lower UV intensity is found to lower the dielectric
constant even further. It is believed that a lower intensity
reduces the cross-linking reaction rates while allowing the
porogen breakdown and removal reaction to complete. Better
film mechanical properties are also obtained by using a lower
chamber pressure. The lower chamber pressure may facilitate
removal of diffused porogen. For the first UV cure duration,
higher substrate temperature, lower UV intensity, and lower
chamber pressure are found to yield the lowest dielectric
constant and maximize hardness.

Curing with this first UV radiation exposure continues
until the lowest dielectric constant is achieved, or the dielec-
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tric constant starts to increase. This transition may be deter-
mined by depositing a ULK film on a number of substrates
and exposing the substrates to UV radiation as described for
different durations. At the end of the exposure the dielectric
constants of the substrates are measured. The exposure dura-
tion corresponding to the lowest dielectric constant is the
transition, or end point, for curve 201. If more than one
durations correspond to the lowest dielectric constant, the
duration that corresponds to the hardest film should be
selected. As shown on FIG. 2, the point at which this transi-
tion takes place may be different from bulb to bulb and may be
different from ULK film to ULK film. Thus the duration for
the first exposure is determined on a case-by-case basis.

In the second UV exposure operation, shown as curve of
area 203, dielectric constant increases with hardness. In this
regime, the carbon-based cross-linking reactions dominate.
The UV radiation spectrum in this region is determined based
on trade-offs between process duration, substrate tempera-
ture, hardness, and film hydrophobicity. Generally, the UV
radiation preferably includes only wavelengths of about 185
nm or longer.

As discussed above, the H versus k behavior of this second
UV exposure does not change based on the UV spectrum as
long as only wavelengths longer than about 185 nm is used. If
the UV spectrum includes high intensity at wavelengths
shorter than about 185 nm, the slope of the H versus k curve
is affected. Reaction 8 requires high-energy photons and
increases the film dielectric constant without a corresponding
increase in hardness. In fact, the Si—H bond created in reac-
tion 8 contributes to film stress. Thus, using a UV radiation
including wavelengths shorter than about 185 nm can reduce
the film hardness for a particular dielectric constant. On the
other hand, using shorter wavelength radiation decreases pro-
cessing time to a particular dielectric constant. If only low
energy photons are used, e.g., by using a cut-off filter, the
increase in hardness to a desired level may take hours. This
slow reaction rate at long UV wavelengths is explained by a
low reaction rate of reaction 7, which requires high-energy
photons and contributes to film hardness. Overall, in this
second UV exposure UV radiation having wavelengths of
about 185 nm and longer is preferred to allow carbon-based
cross-linking without promoting reaction 8 to a high level.
This UV radiation may include wavelengths very close to 185
nm to minimize cure time.

In this regime, substrate temperature does not impact the
shape or location of the curve but does impact reaction time.
A higher substrate temperature at this stage reduces the cure
time because the reaction rate is higher. However, thermal
budget considerations may constrain the use of high substrate
temperatures.

The duration of the second UV exposure is determined by
exposing a number of films that were previously exposed to
the first UV radiation. Each film is exposed to the second UV
radiation for different durations under the same chamber
conditions. Each film is then tested for the desired dielectric
constant or material property, e.g., hardness or stress. The
process duration of the film having the most desirable prop-
erties is then selected. The desirable property may be the
minimum dielectric constant or hardness.

Apparatus

The present invention can be implemented in many difter-
ent types of apparatus. Generally, the apparatus will include
one or more chambers (sometimes referred to as process
reactors) that house one or more substrates and are suitable
for semiconductor processing. At least one chamber will
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include a UV source. A single chamber may be employed for
all operations of the invention or separate chambers may be
used. Each chamber may house one or more wafers for pro-
cessing. The one or more chambers maintain the wafer in a
defined position or positions (with or without motion within
that position, e.g., rotation, vibration, or other agitation) dur-
ing UV treatment operations.

In certain embodiments, the processing tool may include
only one chamber having one or two processing stations.
Wafer may or may not move sequentially from processing at
one station to the other. At one station, the wafer may be
exposed sequentially to one or more UV radiation sources
designed to irradiate the surface substantially uniformly.
‘When more than one UV radiation sources is used, they may
be configured to emit UV radiation having different charac-
teristics, e.g., wavelength distribution and intensity. Using
different radiation sources allows a configuration of only one
station in one chamber.

According to various embodiments, the processing tool
includes a set of individual chambers. A wafer is loaded from
a wafer cache to a first chamber. The wafer cache may be a
FOUP, a load lock, or any wafer storage unit. In the first
chamber, the wafer is exposed to UV radiation with charac-
teristics selected for a first process. This first process may be
to dissociate porogen while minimizing cross-linking. Once
the wafer has finished processing in the first chamber, it is
moved to a second chamber where it undergoes a second
process. The second process may differ from the first process
by one or more exposure characteristics, such as UV intensity,
substrate temperature, exposure duration, spectral distribu-
tion, wavelengths, station pressure, and purge gas flows.

In certain embodiments the multi-operation cure process is
performed using a multi-station cure chamber. As discussed
above, in certain embodiments, the multiple operation cure
processes of the invention rely on being able to independently
modulate the UV intensity, wavelength, exposure duration,
spectral distribution and substrate temperature of each step or
operation. Additionally, certain inert or reactive gases may be
injected during the cure process at the same or different
flowrates at each step. For example, in one embodiment, the
first UV exposure duration uses a lower UV intensity and a
higher substrate temperature than the second UV exposure
operation. In another embodiment, the first UV exposure
operation uses a same substrate temperature and a lower UV
intensity than the cross-linking operation. Similarly, various
effects of UV exposure (porogen removal, change in stress,
change in hardness, process time, etc.) may be modulated by
independently modulating UV intensity and substrate tem-
perature.

Multi-station cure chambers capable of modulating these
effects by providing independent control ofthe substrate tem-
perature and the UV intensity are described in above-refer-
enced U.S. patent application Ser. No. 11/115,576 and in
commonly assigned U.S. patent application Ser. No. 11/184,
101, filed Jul. 18, 2005, titled “Cast Pedestal With Heating
Element and Coaxial Heat Exchanger,” which is hereby
incorporated by reference in its entirety and for all purposes.

These chambers decouple substrate temperature and UV
intensity by reducing the amount of IR radiation on the sub-
strate and providing independent heat transfer mechanisms to
and from the substrate. For example, the power to the radia-
tion source may be adjusted or the chambers may be equipped
with cold mirrors or other reflectors to reduce the amount of
IR radiation incident on the substrate. In addition, each ped-
estal or other substrate support may have an independent heat
transfer mechanism to help maintain a substrate temperature
regardless of the UV intensity. Thus, unlike conventional UV



US 9,050,623 B1

11

cure chambers where substrate temperature is coupled to UV
intensity, the substrate temperature and UV intensity may be
independently set for a wide range of temperatures and inten-
sities.

FIGS. 3A and 3B show one embodiment of an apparatus
appropriate for use with certain embodiments of the inven-
tion. Chamber 301 includes multiple cure stations 303, 305,
307 and 309, each of which accommodates a substrate. Each
station includes transfer pins 319, shown in figure only on
station 303. FIG. 3B is a side view of the chamber showing
stations 303 and 305 and wafers 313 and 315 located above
pedestals 323 and 325. There are gaps 304 between the wafers
and the pedestals. The wafer may be supported above the
pedestal by an attachment, such as a pin, or floated on gas. The
lamps may be equipped with parabolic or planar cold minors
353 and 355, which are located above UV flood lamp sets 333
and 335. UV light from lamp sets 333 and 335 passes through
windows 343 and 345. Wafers 303 and 305 are then exposed
to the radiation. In alternative embodiments, the wafer may be
supported by the pedestals 323 and 325. The substrate tem-
perature may be controlled by use of a conductive gas such as
helium or a mixture of helium and argon at a sufficiently high
pressure, typically between 50 and 760 Torr, but preferably
between 100 and 600 Torr. The substrate temperature may
also be controlled by the pedestal through an embedded heat
exchanger, heater, or chiller.

In operation, a wafer (or other substrate) enters the cham-
ber at station 303 where the porogen removal operation is
performed. Pedestal temperature at station 303 is set to a first
temperature, e.g. 400° C., with the UV lamps above station
303 set to a first intensity, e.g., 35% of maximum intensity.
After the first UV exposure in station 303, the porous dielec-
tric matrix is transferred to station 305 for the second UV
exposure. Pedestal temperature at station 305 is set to a sec-
ond temperature, e.g., 375° C. and UV intensity is set to a
second intensity, e.g. 100%, or maximum intensity. Stations
307 and 309 may also be used for the second exposure. For
example, conditions at stations 305, 307 and 309 may be the
same. Each wafer is sequentially exposed to each UV light
source. In other embodiments, the first two stations 303 and
305 are used for the first UV exposure and the next two
stations 307 and 309 are used for the second exposure. In still
other embodiments, no UV radiation is applied in the last
station 309. Instead, the wafer is cooled.

Note that although the indexer transfers all the wafers to the
next station at the same time, the exposure duration need not
and, in many cases, should not be the same at each station.
The UV radiation source or bulb may be programmed to turn
on at different times. A particular feature of the present inven-
tion is the recognition that the optimal duration for each
exposure operation may be different. While maximizing
throughput may favor reducing non-exposure time in a sta-
tion, exposing the substrates to each UV radiation for the
same duration does not maximize the desirable mechanical
properties. One skilled in the art would be able to determine
the optimal durations based on the method described above
and devise an exposure process using the multiple sequential
exposure architecture to maximize throughput while expos-
ing the substrates for the optimal durations.

Different stations may be configured to irradiate the wafer
at different wavelengths or wavelengths ranges. The example
above uses a UV flood lamp, which generates radiation in a
broad spectrum. Optical components may be used in the
radiation source to modulate the part of the broad spectrum
that reaches the wafer. For example, reflectors, filters, or
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combination of both reflectors and filters may be used to
subtract a part of the spectrum from the radiation. One such
filter is a bandpass filter.

Optical bandpass filters are designed to transmit a specific
waveband. They are composed of many thin layers of dielec-
tric materials, which have differing refractive indices to pro-
duce constructive and destructive interference in the trans-
mitted light. In this way optical bandpass filters can be
designed to transmit a specific waveband only. The range
limitations are usually dependant upon the interference filters
lens, and the composition of the thin-film filter material.
Incident light is passed through two coated reflecting sur-
faces. The distance between the reflective coatings deter-
mines which wavelengths will destructively interfere and
which wavelengths will be allowed to pass through the coated
surfaces. In situations where the reflected beams are in phase,
the light will pass through the two reflective surfaces. How-
ever, if the wavelengths are out of phase, destructive interfer-
ence will block most of the reflections, allowing almost noth-
ing to transmit through. In this way, interference filters are
able to attenuate the intensity of transmitted light at wave-
lengths that are higher or lower than the desired range.

Another filter that can attenuate the wavelengths of the
radiation reaching the wafer is the window 343, typically
made of quartz. By changing the level of metal impurities and
water content, the quartz window can be made to block radia-
tions of undesired wavelengths. High-purity Silica Quartz
with very little metal impurity is more transparent deeper into
the ultraviolet. As an example, quartz with a thickness of 1 cm
will have a transmittance of about 50% at a wavelength of 170
nm, which drops to only a few percent at 160 nm. Increasing
levels of impurities in the quartz cause transmission of UV at
lower wavelengths to be reduced. Electrically fused quartz
has a greater presence of metallic impurities, limiting its UV
transmittance wavelength to around 200 nm. Synthetic silica,
on the other hand, has much greater purity and will transfer
down to 170 nm. Thus, the spectrum of radiation transmission
through the quartz window may be controlled to cutoft or
reduce UV transmission at shorter wavelengths.

Another type of filter is UV cut-off filters or low pass
filters. These filters do not allow UV transmission below a set
wavelength or above a certain frequency, e.g. 280 nm. These
filters work by absorbing wavelengths below the cut-off
value. This may be helpful to optimize the desired cure effect.

Radiation wavelength can also be controlled by modifying
the properties of the light generator. UV flood lamps can
generate a broad spectrum of radiation, from UV to infrared,
but other light generators may be used to emit a smaller
spectrum or to increase the intensity of a narrower spectrum.
Other light generators may be mercury-vapor lamps, doped
mercury-vapor lamps, electrode lamps, excimer lamps, exci-
mer lasers, pulsed Xenon lamps, doped Xenon lamps, noble
gas lamps (e.g., argon lamps), metal halide lamps (e.g., Hgl
lamps, RF driven lamps (e.g., inductively and capacitively
coupled lamps), DC lamps. Lasers such as excimer lasers can
emit radiation of a single wavelength. When dopants are
added to mercury-vapor and to Xenon lamps, radiation in a
narrow wavelength band may be made more intense. Com-
mon dopants are iron, nickel, cobalt, tin, zinc, indium, gal-
lium, thallium, antimony, bismuth, or combinations of these.
For example, mercury vapor lamps doped with indium emits
strongly in the visible spectrum and around 450 nm; iron, at
360 nm; and gallium, at 320 nm. Radiation wavelengths can
also be controlled by changing the fill pressure of the lamps.
For example, high-pressure mercury vapor lamps can be
made to emit wavelengths of 250 to 440 nm, particularly 310
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to 350 nm more intensely. Low-pressure mercury vapor
lamps emit at shorter wavelengths.

In addition to changing light generator properties and the
use of filters, reflectors that preferentially deliver one or more
segments of the lamps spectral output may be used. A com-
mon reflector is a cold minor that allows infrared radiation to
pass but reflects other light. Other reflectors that preferen-
tially reflect light of a spectral band may be used. Therefore a
wafer may be exposed to radiation of different wavelengths at
different stations. Of course, the radiation wavelengths may
be the same in some stations.

In FIG. 3B, pedestals 323 and 325 are stationary. Indexer
311 lifts and moves each wafer from one pedestal to another
between each exposure period. Indexer 311 is an indexer plate
321 attached to a motion mechanism 331 that has rotational
and axial motion. Upward axial motion is imparted to indexer
plate 321 to pick up wafers from each pedestal. The rotational
motion serves to advance the wafers from one station to
another. The motion mechanism then imparts downward
axial motion to the plate to put the wafers down on the
stations.

Pedestals, e.g., 323 and 325, are temperature controlled to
maintain a desired substrate temperature. Each pedestal may
include its own heating and cooling system. The system may
include a heat exchanger, or a heater and a chiller. In an
alternate embodiment, a large heater block may be used to
support the wafers instead of individual pedestals. A ther-
mally conductive gas, such as helium, is used to effect good
thermal coupling between the pedestal and the wafer. In some
embodiments, cast pedestals with coaxial heat exchangers
may be used. These are described in above-referenced appli-
cation Ser. No. 11/184,101.

FIGS. 3A and 3B show only an example of a suitable
apparatus and other apparatuses designed for other methods
involved in previous and/or subsequent processes may be
used. For example, in another embodiment that uses flood
lamps, the wafer support is a carousel. Unlike with the sta-
tionary pedestal wafer supports, the wafers do not move rela-
tive to the carousel. After a wafer is loaded onto the carousel,
the carousel rotates, if necessary, to expose the wafer to light
from a UV lamp set. The carousel is stationary during the
exposure period. After the exposure period, the carousel
rotates to advance each wafer for exposure to the next set of
lamps. Heating and cooling elements may be embedded
within the rotating carousel. Alternatively the carousel may
be in contact with a heater plate or hold the wafers so that they
are suspended above a heater plate.

In certain embodiments, the substrates are exposed to UV
radiation from focused, rather than, flood lamps. Unlike the
flood lamp embodiments wherein the wafers are stationary
during exposure (as in FIGS. 3A and b), there is relative
movement between the wafers and the light sources during
exposure to the focused lights as the wafers are scanned.

Other apparatuses designed for other methods involved in
previous and/or subsequent processes may be used. For
example, methods of the invention may be used with a stan-
dard PECVD chamber used to deposit the precursor layer if
the chamber is equipped with a UV radiation source. Many of
these systems may also be used to perform post-porogen
removal procedures. In these cases, the chamber system will
likely be pumped out between each of the process operations.

Examples
Example processes in accordance with the present inven-

tion are discussed below. The example processes list param-
eters of substrate temperature, UV intensity as percentage of
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full power, desired spectral band as a wavelength range, sta-
tion pressure, and gas flow rate for each of stations one to four
for a four-station chamber. These example processes are suit-
able for use in a Novellus SOLA, which uses a four-station
sequential processing chamber. These example processes
may also be suitable for use in other semiconductor process-
ing equipment, such as ones that use multiple chambers or
multi-stations chambers with fewer or more than four sta-
tions.

In the example, wafers having a porous ULK film depos-
ited thereon are treated with UV radiation in four different
exposure sequences. The ULK films are deposited to a 10000
angstrom thickness. All four films were first exposed for 20
minutes to a UV source that does not emit radiation in the
shorter wavelengths below about 240 nm. For two of the
films, the first exposure was optimized with a low pressure at
10 Torr and low UV intensity at about 35% of maximum,
which may be about 200 mW/cm?® to 400 mW/cm? in the
desired spectral band. In the second exposure these two films
were exposed to different UV sources. In one case the source
was the same as that ofthe first exposure, and in the other case
the source is a different UV bulb, bulb A, that emitted higher
intensity in the shorter wavelengths, down to about 185 nm.
The resulting hardness versus dielectric constant plot is
shown as FIG. 4. Table 1 describes the exposure sequences of
each of the lines shown.

TABLE 1

UV Exposure Sequence for Combination Cure for FIG. 4

Parameter/Line 401 403 405 407

First Exposure 20 minutes under UV Bulb B

Wavelengths not including shorter wavelengths below about 240 nm
First Exposure ~ Not Optimized Optimized Optimized Not Optimized
Conditions

Second UV BulbA UV BulbB UVBulbA UV BulbB
Exposure

In each of the cases, the hardness and k start out low and
increases together. After the dielectric constant increases past
about 2.6, the curves are relatively linear. Note that each of the
data points on the plot were measured after a different second
exposure duration. For example, the data point of curve 405
representing the highest hardness (about 2.25 GPa) and k was
measured after 60 minutes of cure time, and the data point
representing the lowest hardness (about 1.4 GPa) and k was
measured after about 20 minutes of cure time.

Curve 407 shows the case of using the same bulb for both
exposures under same exposure conditions. The dielectric
constant decreases initially and then increases to overlap a
part of the curve 401, which had the same initial exposure
lamp but a different second exposure lamp. This overlap is
consistent with the theory that hardness versus k curve does
not change during the second exposure when the initial UV
exposure conditions are the same. Curves 403 and 405 were
subjected to optimized initial cure conditions as described
above. While the slopes of the curves remained the same,
curves 403 and 405 are shifted above curves 401 and 407.
This shows that a harder film at the same dielectric constant
may be obtained by optimizing initial cure conditions. The
increase in hardness, bracket 409 in FIG. 4, between curves
401 and 405 at a dielectric constant of 2.6, is 24%. For films
where maximizing hardness at a maximum dielectric con-
stant is important, the methods of the present invention can
yield significant (up to at least 24%) improvements. Another
way to view the results is to find the decrease in dielectric
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constant for the same hardness. In some cases minimizing
dielectric constant at a minimum hardness is important, the
comparison between line 405 and 401 shows a decrease 0f3%
in dielectric constant at a hardness of about 1.75 GPa. A
bracket 411 indicates the shift in dielectric constant for the
same hardness.

In another example, the effect of substrate temperature
during the first UV exposure is shown. In this example, shown
in FIG. 5, an additional curve 501 was added to the data from
FIG. 4. The lines from FIG. 4 retain their labels on FIG. 5.
Curve 501 is obtained by an initial UV exposure at 450° C.
using bulb B throughout the exposure sequence.

Curve 501 demonstrates the effect of a higher substrate
temperature during the initial UV cure. A segment 503 of the
curve shows lower dielectric constants and higher hardness
than all other curves. It is believed that a higher initial sub-
strate temperature aids the rates and completion of the reac-
tions associated with the first UV exposure operation. Curve
407 shows the hardness versus dielectric constant behavior
for a film cured using the same bulb at 400° C. A comparison
of curve 501 and 407 shows that a harder film at the same
dielectric constant was obtained by changing the substrate
temperature during the first cure stage. Thus a film with better
mechanical properties may be obtained by increasing the
substrate temperature during the first UV exposure. These
results indicate potential for even further improvements by
combining the optimized conditions and higher first stage
substrate temperature.

While this invention has been described in terms of several
embodiments, there are alterations, modifications, permuta-
tions, and substitute equivalents, which fall within the scope
of this invention. It should also be noted that there are many
alternative ways of implementing the methods and appara-
tuses of the present invention. It is therefore intended that the
following appended claims be interpreted as including all
such alterations, modifications, permutations, and substitute
equivalents as fall within the true spirit and scope of the
present invention. The use of the singular in the claims does
not mean “only one,” but rather “one or more,” unless other-
wise stated in the claims.

What is claimed is:

1. A method of UV curing a dielectric film on a substrate,
the method comprising:

(a) exposing the dielectric film on the substrate to first UV
radiation having a first wavelength or first wavelength
range, said first wavelength or first wavelength range
including only wavelengths longer than about 220 nm,
until porogens in the dielectric film are removed, thus
reducing a dielectric constant of the dielectric film, and
then further exposing the dielectric film to the first UV
radiation after the porogens are removed to further
reduce the dielectric constant of the dielectric film; and

(b) after (a) exposing the dielectric film to second UV
radiation having a second wavelength or second wave-
length range, said second wavelength or second wave-
length range including only wavelengths of 185 nm or
longer, until a desired film material property is reached,
wherein the second wavelength or lowest wavelength of
the second wavelength range is lower than the first wave-
length or lowest wavelength of the first wavelength
range.

2. The method of claim 1, wherein the desired film material

property is hardness.

3. The method of claim 1, wherein the desired film material
property is elastic modulus.

4. The method of claim 1, wherein the desired film material
property is fracture resistance.
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5. The method of claim 1, wherein the exposure to the first
UV radiation promotes porogen outgassing and, during and
after porogen outgassing, linking of'silicon and oxygen atoms
in the dielectric film.

6. The method of claim 1, wherein the exposure to the
second UV radiation promotes linking of silicon and carbon
atoms in the dielectric film.

7. The method of claim 1, where a temperature of the
substrate during the first UV radiation exposure is higher than
a corresponding temperature of the substrate during the sec-
ond UV radiation exposure.

8. The method of claim 1, wherein the exposure to the first
UV radiation and the second UV radiation occur in the same
chamber.

9. The method of claim 8, wherein the exposure to the first
UV radiation and the second UV radiation occur at a same
substrate exposure area.

10. The method of claim 8, wherein the exposure to the first
UV radiation and the second UV radiation occur at different
substrate exposure areas.

11. The method of claim 1, wherein the first wavelength
range is 220 nm to 280 nm.

12. The method of claim 1, wherein the first UV radiation
has only wavelengths longer than about 240 nm.

13. The method of claim 1, wherein the exposure to the first
UV radiation occurs at a substrate temperature of 400° C. or
higher.

14. The method of claim 1, wherein the first wavelength
range is between about 250 nm to 270 nm and the second
wavelength range is between about 225 and 240 nm.

15. The method of claim 1, wherein the dielectric constant
of the dielectric film starts to increase when dielectric con-
stant-lowering reactions are outweighed by dielectric con-
stant-raising reactions.

16. The method of claim 15, wherein the dielectric con-
stant-lowering reactions are silicon-oxygen crosslinking
reactions and the dielectric constant-raising reactions are sili-
con-carbon crosslinking reactions.

17. A method of UV curing a dielectric film on a substrate,
the method comprising:

(a) exposing the dielectric film for a first duration to first
UV radiation to thereby outgas porogens from the
dielectric film and thereby lower a dielectric constant of
the dielectric film and, during and after the porogen
outgassing, link silicon-oxygen bonds to further lower
the dielectric constant of the dielectric film; and

(b) exposing the dielectric film for a second duration to
second UV radiation to thereby link silicon-carbon
bonds within the dielectric film, wherein the UV radia-
tion in each exposure operation has a wavelength or a
wavelength range and wherein the wavelength or lower
limit of the wavelength range is decreased with succes-
sive exposures.

18. The method of claim 17, where a temperature of the
substrate during the first UV radiation exposure is equal to or
higher than a corresponding temperature of the substrate dur-
ing the second UV radiation exposure.

19. The method of claim 17, wherein the first UV radiation
exposure occurs at a substrate temperature of 400° C. or
higher.

20. The method of claim 17, wherein the first UV radiation
has a wavelength range of between about 250 nm and 270 nm,
and wherein the second UV radiation has a wavelength range
of between about 225 nm and 240 nm.

21. A method of determining UV curing parameters for a
dielectric film, the method comprising:
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(a) depositing the dielectric film on a plurality of sub-
strates;

(b) exposing each substrate to first UV radiation having
only wavelengths longer than about 220 nm for different
durations from 1 minute to 20 minutes, wherein the
duration of at least one of the first UV radiation expo-
sures is long enough that (i) a dielectric constant of the
dielectric film of at least one of the substrates is
decreased by removing porogens in the dielectric film
and (i) there is a further decrease in the dielectric con-
stant of the dielectric film after the porogens are
removed;

(c) measuring a dielectric constant and hardness for each
substrate;

(d) determining a first duration for a minimum dielectric
constant;

(e) exposing the plurality of substrates to second UV radia-
tion having only wavelengths of 185 nm or longer for
different durations from 1 minute to 20 minutes;

(f) measuring the dielectric constant and hardness for each
of the substrates; and

(g) determining a second duration at which at least one
parameter is reached, the at least one parameter selected
from the group consisting of: a target k value and a
minimum hardness, wherein the UV radiation in each
exposure operation (b) and (e) has a wavelength or a
wavelength range and wherein the wavelength or lower
limit of the wavelength range is decreased with succes-
sive exposures.
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22. The method of claim 21, wherein the exposure to the
first UV radiation operation occurs at a substrate temperature
0t'400° C. or higher.

23. The method of claim 21, wherein the UV radiation
wavelength in the first exposure operation (b) is longer than
about 240 nm.

24. A method of UV curing a dielectric film on a substrate,
the method comprising:

(a) exposing the dielectric film to first UV radiation having

only wavelengths longer than about 220 nm until poro-
gens in the dielectric film are removed, thus lowering the
dielectric constant of the dielectric film, and then further
exposing the dielectric film to the first UV radiation after
the porogens are removed to further lower the dielectric
constant of the film; and

(b), after (a), exposing the film to second UV radiation

comprising wavelengths of less than 200 nm until a
desirable material property is reached, wherein a total
exposure time needed to perform (a) and (b) is shorter
than an exposure time needed for UV curing to the
desirable material property with a constant radiation
spectrum.

25. The method of claim 24, where a substrate temperature

25 during the first UV radiation exposure is equal to or higher

than a substrate temperature during the second UV radiation
exposure.



